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Abstract—The modular multilevel converter (MMC) is cur-
rently the preferred converter topology for HVDC point-to-point
links and the likely choice for future meshed HVDC grids.
For breaker dimensioning or protection system design, thorough
knowledge of the dc fault currents supplied by these converters
is required. In this paper, the dc fault current supplied by the
half-bridge MMC is analyzed and an equivalent circuit model is
proposed. The proposed equivalent circuit has a low complexity
and accurately models the MMC’s contribution to dc faults.
Furthermore, the paper proposes guidelines for the values of the
equivalent circuit’s parameters. Study results show that a high
level of accuracy is achieved for a wide variation in converter
and fault parameters.
Index Terms—dc short-circuit faults, equivalent circuit, HVDC,
Modular Multilevel Converter (MMC)
I. INTRODUCTION
To interconnect large amounts of remote renewable energy
sources and to facilitate an integrated European energy market,
HVDC grids can be used since these allow transfer of bulk
power over large distances. Due to their high efficiency,
modular multilevel converters (MMCs) are currently the pre-
ferred converter topology for the future HVDC grids [1]. For
breaker dimensioning or protection system design, thorough
knowledge of the dc fault currents supplied by these converters
is required.
In fault current analysis, equivalent circuits are commonly
used to decrease model complexity while maintaining ad-
equate accuracy. In ac fault studies, separate circuits are
used to calculate the subtransient, transient and steady-state
components of the fault current supplied by synchronous ma-
chines [2]. In HVDC grids, the fault current analysis depends
to a large extent on the converter topology. For two-level
converters, the dc fault currents can be clearly separated in dc
and ac components, since these are provided through distinct
circuits [3]. By contrast, for MMCs, dc and ac contributions
are provided through the same circuits.
For half-bridge MMCs, no equivalent circuit has yet been
explicitly derived for dc fault current analysis. Converter mod-
els, e.g. the ones proposed in [4], [5], [6], are derived mainly to
increase computational efficiency in electromagnetic transient
simulations and have a strong focus on inner converter control.
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Consequently, these models often are unnecessarily detailed
to adequately approximate the dc fault current for HVDC grid
studies.
In this paper, we analyze the fault current contribution
of the half-bridge MMC and develop an equivalent circuit
to represent the half-bridge MMC in dc fault studies. The
equivalent circuit reduces model complexity compared with
existing models and is valid for all stages in the dc fault current
development.
The structure of the paper is as follows. In Section II the
stages in the response of the half-bridge MMC to dc faults are
analyzed using a detailed benchmark model. In Sections III
and IV, the equivalent circuit is proposed and its response to
dc faults is compared with the detailed model. In Section V,
conclusions are stated.
II. HALF-BRIDGE MMC FAULT CURRENT ANALYSIS
A. Half-bridge MMC and Benchmark Model
The half-bridge MMC consists of six converter arms, which
are a series connection of an inductor (the arm inductor) and
N half-bridge submodules (Fig. 1). In normal operation, the
submodules are inserted or bypassed by closing the upper or
lower insulated gate bipolar transistor (IGBT), respectively.
A converter leg is essentially a controllable voltage source
which synthesizes a sinusoidal ac waveform out of the dc
voltage [1]. Each converter leg consists of two converter arms.
The converter arm voltage uins,arm depends on the number of
submodules, nins, inserted at each timestep:
uins,arm =
nins∑
i=1
ucap,i, (1)
where ucap,i is the voltage across the capacitor of submodule
i of a converter arm.
The MMC benchmark model makes use of the detailed
equivalent model of [4] and upper level controls of [7]. This
model is mathematically equivalent to a switched model with
every switch modeled as an on-off resistor. To represent the
MMC in blocked state (with all IGBTs turned off), a blocking
feature similar to the one proposed in [8] was added.
The lower level controls determine which submodules are
inserted in each arm to approximate the waveform generated
by the higher level control loops (such as current and power
control loops). In this paper, the lower level controls with978-1-4673-8463-6/16/$31.00 c©2016 IEEE
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Fig. 1. MMC structure and fault applied at dc terminals
low computational complexity are considered for the bench-
mark model, i.e., nearest level control (NLC) and capacitor
balancing control (CBC) in accordance with [9]. The NLC
determines the optimal number of submodules in upper and
lower arm, nuins and n
l
ins. For each converter arm, the CBC
selects which submodules are inserted to ensure that the arm
voltage is equally divided over the submodule capacitors.
The ac system is modeled using a voltage source in series
with a complex impedance which determines the short circuit
power and X/R-ratio. The converter is connected to the ac
system through a transformer connected in Y-∆ configuration.
Table I shows the model parameters used in this paper.
B. Fault Current Stages
To analyze the half-bridge MMC fault current, a solid fault
is applied at the converter’s dc terminals (Fig. 1, Rf = 0 and
Ldc = 0). The fault is applied at t0 =25 ms. The IGBT turn-
off instant is a parameter which depends on converter internal
protection. To clearly show the different stages in the base
case, the IGBTs are turned off 2 ms after fault inception, i.e.,
at t1=27 ms.
In the dc fault current (Fig. 2a), three stages can clearly
be distinguished. The first stage, in the time interval [t0, t1], is
characterized by a steep increase of the fault current (stage (i)).
The second stage, in the time interval [t1, t2], is characterized
by a slow and discontinuous decline of the fault current (stage
(ii)). In the third stage, after t2 =166 ms, the steady-state
fault current is reached and the dc fault current is fed solely
by the ac system (stage (iii)). In Fig. 2, t2 was chosen as the
instant after which the dc fault current averaged over 3.3 ms
(i.e., one sixth of a cycle at fundamental frequency) does not
deviate more than 2% from the averaged steady-state dc fault
current.
1) Dc Capacitive Discharge (stage (i)): In this stage, all
submodules inserted at t0 discharge and contribute to the steep
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Fig. 2. Dc current idc (a), upper and lower arm current, iuarm and i
l
arm (b), ac
current iac for solid fault applied at MMC dc terminals (c)
TABLE I
AC SYSTEM AND CONVERTER PARAMETERS
Rated power Sbase 500 MVA
Ac grid voltage Uac,prim 400 kV
Ac converter voltage Uac,sec 185 kV
Transformer leakage reactance 0.1 pu
Ac grid reactance Lac 0.127 H
Ac grid resistance Rac 4 Ω
Dc nominal voltage Udc 320 kV
Submodule capacitance Csm 6500 µF
Number of submodules per arm N 100
Arm reactor Larm 32 mH
IGBT/Diode on-state Resistance RON 0.005 Ω
IGBT off-state Resistance ROFF 100 MΩ
increasing fault current. The upper and lower arm current are
nearly identical (Fig. 2b), which indicates that the ac infeed
during this stage is limited. The capacitors of initially inserted
submodules discharge until they are bypassed due to lower
level control action. Additionally, capacitors from initially
bypassed submodules contribute to the steeply increasing fault
current if they are inserted during this stage.
2) Ac Transient Infeed (stage (ii)): The ac transient infeed
stage is characterized by ac and dc side phenomena. This
stage starts at the IGBT turn-off instant t1. In this stage, all
submodules are bypassed and all current flows through the
IGBT’s antiparallel diodes.
In stage (ii), the dc fault current is the sum of a dc and
an ac transient component. The dc transient component is a
decaying current due to the release of stored energy in the arm
inductors through the anti-parallel diodes. The energy stored
in the arm inductors results from the capacitive discharge in
stage (i). The time constant of the RL-circuit consisting of arm
inductors and diodes is
τdc =
Larm
Rarm
, (2)
where Rarm is the sum of the resistances of the submodule
anti-parallel diodes, i.e. Rarm = NRON. With the parameters
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Fig. 3. Dc fault current and ac fault current contribution for various IGBT
turn-off instants ((a) t1 = 25 ms, (b) t1 = 26 ms, (c) t1 = 27 ms, Rf=0,
Ldc=0)
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Fig. 4. Dc fault current and ac fault current contribution for (a) Rf = 25 Ω
and (b) Rf = 50 Ω (Ldc =0)
of Table I, τdc = 64 ms.
Due to the ac system model, the ac transient component
behaves as the current in a switched RL-circuit driven by an
ac voltage source (Fig. 2c). At t1, the ac system perceives
the short circuit as the submodule capacitors are bypassed.
In case the ac transient component exceeds the dc transient
component, the arm reactors are recharged. This leads to the
ripple in the decaying dc fault current, e.g. in the interval [72
80] ms (Fig. 2a).
3) Ac Steady-state Infeed (stage (iii)): In this stage, the
dc fault current is fed solely by the ac system. The ac fault
current is rectified at the dc side through the antiparallel
diodes, resulting in a six-pulse ripple in the dc fault current.
The conduction intervals of the diodes in the upper and lower
arm overlap due the arm inductors (Fig. 2b). This boosts the
steady-state dc fault current to a higher value compared to
a six-pulse diode rectifier without inductors, as discussed in
detail in [10].
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Fig. 5. Dc fault current and ac fault current contribution for (a) Ldc = 50
mH and (b) Ldc = 100 mH (Rf =0)
C. Parameter Analysis
To develop an equivalent circuit for the MMC’s fault
response which is valid for a wide range of parameters, the
effect of the IGBT turn-off instant and dc parameters external
to the MMC are analyzed. The external parameters include
fault resistance and dc inductance.
1) IGBT Turn-off Instant: Assuming immediate IGBT turn-
off results in waveforms which widely differ from waveforms
perceived for later turn-off instants. If t1 = 25 ms, i.e. immedi-
ate IGBT turn-off at fault inception, the submodule capacitors
do not discharge and the dc fault current is immediately fed
by the ac system (Fig. 3a). In Fig. 3a, the ac contribution
is calculated as the sum of the positive currents through each
phase. By postponing the turn-off instant to later instants, e.g.,
1 or 2 ms after fault inception, the submodule capacitors first
discharge into the fault, after which the ac system starts to
feed in (Fig. 3b and c, respectively).
The capacitive discharge stage is clearly separated from the
ac infeed stage at t1. At t1, the contribution from capacitive
discharge of the submodules is 14.47 kA and 25.53 kA for
t1 = 26 and 27 ms, respectively (Fig. 3b and c). By contrast,
until t1 the ac infeed is limited to values below 0.01 and 0.4
kA for t1 = 26 and 27 ms, respectively (Fig. 3b and c).
2) Fault resistance Rf: The fault resistance affects the
steady-state as well as the transient fault current. With increas-
ing Rf, the peak and steady-state dc fault current decrease.
Furthermore, the transient dc component of the fault current
during stage (ii) decays faster since in (2), 3/2Rf must be
added to the denominator compared to the case without fault
resistance.
Although with Rf = 25 Ω and Rf = 50 Ω, the ac infeed
during stage (i) increases compared to the one for Rf = 0 Ω, it
remains limited relative to the contribution of the discharging
submodule capacitors. For Rf = 25 Ω and Rf = 50 Ω, the
maximum ac contribution during stage (i) is 0.78 kA and 0.56
kA for a total fault current of 10 and 5.66 kA, respectively
(Fig. 4).
3) Dc side inductance Ldc: With increasing Ldc, the rate
of rise of the dc fault current diminishes. The transient dc
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Fig. 6. Approximations for MMC fault current stages for one converter leg
component in stage (ii) decays slower since in this case,
3/2Ldc is added to the numerator in (2).
For Ldc = 50 mH and Ldc = 100 mH, the ac contribution
during stage (i) is negligible compared to the fault current
contribution of the submodule capacitors. The maximum ac
contribution during stage (i) is 0.3 and 0.2 kA for Ldc = 50
mH and Ldc = 100 mH, respectively (Fig. 5).
III. EQUIVALENT CIRCUIT
The equivalent circuit for the half-bridge MMC separately
models stage (i) and stages (ii) and (iii). First, an RLC circuit is
used to approximate stage (i). During this stage, the equivalent
circuit only models the dc side and assumes no ac infeed.
Second, an equivalent circuit which is valid for stages (ii) and
(iii) is proposed. The two circuits are connected with switches
which are operated at t1.
A. Dc Capacitive Discharge (stage (i))
For a converter leg, the capacitive discharge stage is ap-
proximated by an RLC-circuit with parameters Ceq,leg, Leq,leg
and Req,leg. The equivalent leg inductance Leq,leg and resistance
Req,leg are equal to
Leq,leg = 2Larm,
Req,leg = 2Rarm.
(3)
The derivation of Ceq,leg is complicated since the inserted
number of submodule capacitors depends on the response of
the lower level controls to dc short circuit faults. The value
for Ceq,leg which provides the best approximation for the dc
fault current, C∗eq,leg, depends on the response of the lower
level control to dc short circuit faults and the IGBT turn-off
instant. In [11], the value for Ceq,leg is based on the number of
inserted submodules at t0, leading to Ceq,leg = Csm/N . In [6]
and [12], the value for Ceq,leg is based on the energy stored in
all capacitors of the MMC, which results in Ceq,leg = 2Csm/N .
This value is meaningful for averaged MMC modeling, but is
less related to the converter response during faults.
Fig. 6a shows the equivalent RLC-circuit for a converter leg.
Ceq,leg is equally split into upper arm equivalent capacitance
Cueq,arm, and lower arm equivalent capacitance C
u
eq,arm. The
voltage on these capacitors at t0 is also equally split over both
arms. For dc short circuit faults at the converter dc terminals,
the contribution of a converter leg during the capacitive
discharge stage can be calculated by (taking t0 = 0):
i′cap(t) =
Udc
ωLeq,leg
e
− Req,leg2Leq,leg t sin(ωt), (4)
ω =
√
4Leq,leg
Ceq,leg
−R2eq,leg
2Leq,leg
. (5)
At t1, a current i′cap(t1) flows through the arm inductors
(Fig. 6b).
B. Ac Infeed (stages (ii) and (iii))
The representation of the converter leg in these stages is
shown in Fig. 6b. The switches are closed at the IGBT turn-off
instant t1. At this instant, the current through the arm inductors
is i′cap(t1). During stage (ii), the arm inductors release their
stored energy through the diodes. At the same time, the ac
system is short circuited and the transient ac infeed stage is
initiated.
For the ac current infeed during stage (ii), many fault current
conduction paths through the diodes exist [12]. For each fault
case, the actual conduction path depends on several factors
such as the IGBT turn-off instant or short circuit impedance.
C. Converter Leg Equivalent Circuit
Fig. 7 shows the converter leg equivalent circuit which
combines the models for stage (i) and stages (ii) and (iii).
This model represents stage (i) when switches sb1 are closed
and sb2 are open, respectively, and stages (ii) and (iii) for the
opposite positions of sb1 and sb2. Initially, sb1 (sb2) is in open
(closed) position and is closed (opened) at t1.
The equivalent circuit of the half-bridge MMC is con-
structed with three converter legs, similar to Fig. 1. In [8],
a diode is placed in series with the capacitors which allows
the latter to charge if the pre-fault arm current was negative. In
the equivalent circuit, this diode is not modeled as the pre-fault
conditions are not taken into account.
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Fig. 7. Converter leg equivalent circuit
TABLE II
EQUIVALENT CONVERTER PARAMETERS
Capacitor voltages uueq,arm and u
l
eq,arm 160 kV
Equivalent capacitances Cueq,arm and C
l
eq,arm 130 µF
Arm reactor Larm 32 mH
Arm resistance Rarm 0.5 Ω
IV. EVALUATION
The response of the proposed equivalent circuit to a dc
short circuit at the terminals is compared with the one of the
detailed model presented in Section II-A. The equivalent leg
capacitance proposed in [11] is chosen, i.e. Ceq,leg = Csm/N .
The capacitance and the voltage Udc are distributed equally
over the arms (i.e. nu and nl equal to 0.5N ). The resulting
parameters are shown in Table II. The absolute error between
the dc fault current for the detailed model, idetdc , and the
approximation from the equivalent circuit, iappdc , is calculated
as follows:
abs = i
det
dc − iappdc . (6)
A. Base case
For a solid fault at the dc terminals, the equivalent circuit
captures the essential converter fault response during the
capacitive discharge as well as ac infeed stage. Clearly, the
dc as well as the ac currents of the equivalent circuit closely
follow the ones from the detailed model (Fig. 8).
The maximal error between the dc fault currents for both
models is limited to acceptable values for dc fault studies.
The maximum value for abs is 0.32 kA, which corresponds
to a relative error of 1.42% compared to a fault current
of 25.33 kA (Fig. 9). During the first 175 ms after fault
inception, abs remains within the limited interval [-0.06 0.35]
kA. Since abs is positive until t ≈ 100 ms, the equivalent
circuit slightly underestimates the dc fault current during the
capacitive discharge stage.
With Ceq,leg = 2Csm/N , the equivalent circuit provides a
more conservative though less accurate fault current response
than with Ceq,leg = Csm/N . In this case the equivalent circuit
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Fig. 9. Absolute error abs between dc fault currents by detailed model and
equivalent circuit as function of time (solid fault at the dc terminals)
overestimates the fault current, as the maximum value of abs
corresponds to -1.88 kA (Fig. 9).
B. Influence of IGBT Turn-off Instant t1
Although C∗eq,leg depends on the number of submodules
inserted before t1, Ceq,leg = Csm/N provides a close approxi-
mation for the fault current, in case t1 lies within the interval
[0.5 2] ms. Within this time interval, abs shows a relatively
low sensitivity to t1 as it remains within the interval [0.11
0.36] kA (Fig. 10).
For t1 within the interval [0.1 2] ms, the equivalent circuit
performs better with Ceq,leg = Csm/N than twice this value.
For t1 ≤ 0.2, the equivalent circuit shows similar behavior for
both capacitance values as the capacitive discharge is limited
due to fast IGBT turn-off (Fig. 10). With Ceq,leg = 2Csm/N ,
abs decreases to zero at t1 = 0.78 ms. For t1 > 0.78 ms,
the equivalent circuit overestimates the fault current and abs
decreases further to -1.81 kA for t1 = 2 ms.
C. Influence of the Dc Fault Resistance Rf and Dc Inductance
Ldc
Assuming no ac infeed during stage (i) does not significantly
impact the accuracy of the proposed equivalent circuit. The
maximum absolute error between the fault currents provided
by the detailed model and equivalent circuit increases slightly
for Rf = 25 Ω compared with Rf = 0 Ω (Fig. 11). The
associated relative error increases with increasing Rf since the
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Fig. 11. Absolute error abs as function of time for different values of Rf
dc fault current decreases with increasing Rf. For Ldc = 50
mH and Ldc = 100 mH, abs remains limited and below the
values for 0 mH (Fig. 12).
V. CONCLUSION
The proposed equivalent circuit largely simplifies the rep-
resentation of half-bridge MMCs in dc fault studies while
maintaining an accurate approximation of the dc short-circuit
fault contribution. Due to the absence of control loops in the
equivalent circuit, its input requirements and complexity are
several times lower than the models currently used in dc fault
studies.
The contribution of the half-bridge MMC to the dc fault
current can be approximately divided into contributions due to
discharge of the submodule capacitors and ac infeed. Although
the equivalent circuit explicitly separates those contributions,
no significant errors in the dc fault current contribution by
half-bridge MMCs are introduced. Furthermore, the proposed
equivalent circuit maintains accuracy for a wide range of
converter and fault parameters.
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